Introduction
Recent trends in the downsizing of electrical appliances such as laptop computers and cellular phones have accelerated the demand for high-performance capacitors. Due to this trend, and the fact that tantalum capacitors have the greatest capacity per unit volume and are thermally stable compared to other capacitors, their production volume increased dramatically in the last ten years. 1, 2) Currently, the majority of tantalum resources are used in tantalum capacitors, however, the production volume of tantalum metal powder for capacitors is limited because the tantalum resource in the earth's crust is scarce and tantalum is one of the valuable metals (see Table 1 ). In the year 2000, the balance between the demand and supply of tantalum ore collapsed due to a strong demand from the market, and the price of the ore increased six-fold, and tantalum capacitor manufacturers encountered a material crisis. 3) Considering this situation, extensive research works on the production of niobium powder as a substitute for tantalum in capacitors are being carried out. 1, 2, 4) This is mainly because the chemical and physical properties of niobium are very similar to those of tantalum. In recent years, "niobium capacitors" have been successfully produced on a commercial scale, and their potential demand is increasing. In the future, niobium powder can be applied to capacitors with larger CV, which is the energy scale of capacitors, calculated as the product of maximum capacitance (C) and tolerance voltage (V). Although the market for capacitors with a large CV is currently monopolized by aluminum capacitors, niobium capacitors have the potential to compete for acquiring a part of this large CV market in the future since niobium is a cheaper metal compared to tantalum. As shown in Table 1 , the annual production volume of niobium is more than 10 times as large as that of tantalum, and the price of niobium is one twentieth less than that of tantalum. (Received on May 8, 2003 ; accepted in final form on July 11,2003 ) To develop an effective production process of niobium powder, a new preform reduction process (PRP) based on the magnesiothermic reduction of feed preform containing niobium oxide (Nb 2 O 5 ) was investigated. The feed preform was fabricated from slurry, which was made by mixing Nb 2 O 5 powder, flux (e.g., CaCO 3 ) and binder. Various compositions of preform in the form of plates were prepared using a conventional technique, and the fabricated preform was heated at 1 273 K before reduction in order to remove the binder and water. The sintered solid preform containing Nb 2 O 5 was then placed in a stainless steel container, and made to react with magnesium vapor at a constant temperature, ranging between 1 073 and 1 273 K, for six hours. Niobium powder was recovered from the reduced preform by acid leaching. Niobium metal powder with 99 mass% purity was obtained as a result. This process was found to be suitable for producing a homogenous fine powder, when the composition of flux, and reduction conditions are controlled.
KEY WORDS: niobium; metallothermic reduction; powder production; magnesium; reduction process. Tantalum powder for capacitors is currently produced by sodiothermic reduction of halide salts, which is generally called the Hunter Process 5) (see Fig. 1(a) ). This process is suitable for controlling the morphology and purity of tantalum powder. But it requires a large amount of molten salt as a reaction medium also referred to "diluent". Furthermore, this process lacks flexibility to scale up, and it is difficult to make it continuous. Currently, a majority of metallic niobium and its alloys are produced by aluminothermic reduction (ATR) of niobium oxide by using the reactor as shown schematically in Fig. 1(b) . This process is economically suitable for large scale operations but not for producing fine powder. In general, it is difficult to control purity and morphology by the conventional metallothermic reduction process shown in Figs. 1(b) and 1(c).
Serjak et al. recently carried out the research on the metallothermic reduction of niobium oxide for producing niobium powder for the capacitors. 4) Although the metallothermic reduction of oxide is thought to be more difficult for controlling the morphology and purity than the conventional sodiothermic reduction, it demonstrated the possibility of producing high purity niobium powder for capacitors. With the purpose of controlling the morphology and purity of niobium powder, Okabe et 10,11) It was shown that the reduction of Nb 2 O 5 in molten CaCl 2 is suitable for producing niobium powder, but this process requires a large amount of halide salt for producing fine niobium powder.
The direct reduction processes for niobium oxide mentioned above have the potential to be the next generation niobium production processes. However, there are some drawbacks which have to be overcome before the process can be commercialized. In developing a new production process for niobium powder, the process scalability and environmental issues have to be considered. Keeping this in mind, a new reduction process for producing fine metal powder using the metallothermic reduction of preform containing feed material was investigated in this study.
Preform Reduction Process (PRP)
For producing niobium using the magnesiothermic reduction of niobium oxide, the feed (Nb 2 O 5 ) and reductant (Mg) are often mixed and heated to elevated temperatures. The overall reaction for this process is The magnesiothermic reduction of Nb 2 O 5 is a huge exothermic reaction, and in general, it is difficult to proceed as a homogeneous reaction. When the reductant magnesium makes physical contact with Nb 2 O 5 , impurities in the reductant such as nitrogen and carbon are transferred to the niobium phase, and thus contaminate the product metal. To avoid this problem, magnesium vapor is often used to reduce Nb 2 O 5 . 13, 14) A vapor phase metallothermic reduction as schematically shown in Fig. 1(c) is effective in preventing contamination from the reductant, and makes it possible to produce niobium powder with purity greater than 99 %. However, this process is still very sensitive to contamination from the reaction container since the Nb 2 O 5 feed is placed on the substrate material. Furthermore, it is tough to scale up the process because it is difficult to facilitate a homogenous reaction when reducing large amounts of feed material in a single reactor.
To avoid contamination from the reductant and the reaction container, the feed material in the self-supporting preform is reduced by reductant vapors as shown schematically in Fig. 1(d) . This process is based on the metallothermic reduction of preform containing feed material, and the morphology of the niobium deposit can be controlled by adding flux. 15, 16) The advantage of this process lies in the effective control of purity and morphology, and flexible scalability. This process is highly flexible in terms of scalability as it is possible to simultaneously treat multiple pieces of preform in a single reduction chamber. Furthermore, the amount of chemicals such as CaCl 2 can be reduced by using this process compared to the direct electrochemical reduction processes investigated so far. 6, [8] [9] [10] [11] 3. Experiment Figure 2 shows the material flowchart for the preform reduction process (PRP) using magnesium vapor as a reductant investigated in this study. The experiment consists of three major steps: preform fabrication, reduction by magnesium vapor, and recovery of niobium powder by leaching.
The feed preform was fabricated from slurry which was made by mixing Nb 2 O 5 powder, flux (e.g., CaCO 3 ) and a binder. The purity and form of the starting materials used in this study are listed in Table 2 . Approximately 0.5 to 2 g of Nb 2 O 5 powder (99.8 % purity, Ta: Ͻ0.15 %, Si: Ͻ0.003 %, Al: Ͻ0.001 %, Fe: Ͻ0.0005 %, Cr: Ͻ0.0001 % by mass, average particle size: 0.2 mm) was mixed with the flux and the binder using a stirrer, and the homogeneous slurry was synthesized. In this study, approximately 0.2 to 0.9 g of CaCO 3 powder was employed as flux. A collodion solution, which is a mixture of 5 mass% nitrocellulose in ethanol and ether, was used as a binder solution. The viscosity of the slurry was controlled by varying the amount of the flux and the binder. The slurry obtained was then cast into a stainless steel mold and a preform plate of 3-10 mm thickness was produced. In some experiments, the preform excluding the flux was fabricated using the binder only. The fabricated preform was heated at a temperature of 1 273 K for 11 ks (three hours) in air before reduction in order to remove the binder and water. Figure 3 shows a schematic illustration of the experimental apparatus for the production of niobium powder by the preform reduction process. The sintered solid preform containing niobium oxide feed was placed in a stainless steel vessel, and approximately 20 g of magnesium shots were placed at the bottom. The magnesium was physically isolated from the feed preform, and its vapor was supplied to the feed preform through the gas phase while heating. As shown in Fig. 3(a) , four to ten pieces of preform were installed in a thick-walled stainless steel reaction vessel, and were sealed by tungsten inert gas (TIG) welding. A sponge titanium was also placed at the bottom of the vessel for gettering nitrogen and oxygen in the system. The sealed reaction vessel was then heated in an electric furnace maintained at a constant temperature ranging from 1 073 to 1 273 K, and the preform reacted with magnesium vapor. Some representative experimental conditions of the reduction experiments are summarized and listed in Table 3 . In the third column of Table 3 , the ratio of flux and feed is expressed as a cationic molar ratio, X Cat./Nb (ϭN Cat. /N Nb ), which is calculated as a ratio of the mole amount of the cation in the flux, N Cat. , and that of niobium, N Nb , in the pre- form. After six to twenty-four hours of reaction, the reaction vessel was taken out from the furnace and quenched in water. The preforms in the container were mechanically recovered at room temperature, and then subjected to the following leaching process. The niobium powder in the preform obtained after the reduction experiment was recovered by leaching the preform with acid. The reaction product (MgO), flux, and excess reductant in the sample were removed by dissolution in acetic acid solution. The obtained metal powder was rinsed in aqueous HCl at room temperature. It was then rinsed with distilled water, alcohol and acetone, and then dried under vacuum.
A chemical analysis of the sample was carried out using an inductively coupled plasma-atomic emission spectrometer. (ICP-AES; Seiko Instruments Inc., SPS 4000). The metal powder was observed using a scanning electron microscope (SEM; JEOL Ltd., JSM-5600LV), and the composition of the sample was determined both by an energy dispersive X-ray spectrometer (EDS; JEOL Ltd., JED-2200) and an ICP-AES. Phases in the sample were identified using an X-ray diffraction analysis (XRD; Rigaku Co., RINT 2000).
Results and Discussion
By regulating the amount of the binder, it was possible to control the viscosity of the slurry and obtain the preform in different shapes. As shown in Fig. 4 , a preform plate with 3 to 6 mm thick could easily be produced by casting the slurry into the mold. Various sizes and shapes of preform were tested in the reduction experiment, and platy preform of 50ϫ20ϫ4 mm in dimension was found to be suitable for producing a homogeneous powder in the experimental condition employed in this study. The shape of the preform after calcination at 1 273 K for three hours remained unchanged. After reduction at 1 273 K, the preform was slightly deformed and in some cases it was covered with metallic magnesium. As shown in Fig. 4(c) , it was easy to recover the preform from the reaction vessel because the preform was installed with minimum contact with the reaction vessel. These results indicate that this preform reduction process is suitable for controlling contamination from the reaction vessel and the reductant. When the preform obtained after reduction was put into an acetic acid solution, it lost its shape and niobium powder was obtained. It was not necessary to pulverize the reduced preform before the leaching treatment. In Fig. 6 , SEM images of the samples obtained during 6(b) show that the particle size of the Nb 2 O 5 powder remained unchanged after calcination. The angular pieces of Nb 2 O 5 particles with 0.5-2 mm in size were supplied for the reduction experiment. After reduction by magnesium vapor, the particles agglomerated in a round shape as shown in Fig. 6(c) . The niobium powder obtained after leaching and drying is shown in Fig. 6(d) . Fine niobium powder of 0.2-2 mm was obtained. The summary of the analytical results of the obtained powder is listed in Table 4 along with other samples. The EDS analysis revealed the purity of the obtained niobium powder to be 99.5 mass% niobium. It is interesting to note that the particle size obtained in this experimental condition is inhomogeneous. When flux was not used, two types of niobium particles were obtained -small particles of 0.2-0.5 mm in diameter and large particles of 1-2 mm in diameter. Figure 7 shows SEM images of the samples obtained during the experiment (Exp. #D and F) in which CaCO 3 was added as flux. Figures 7(a) and 7(b) show that the particle size of Nb 2 O 5 powder remained unchanged after calcination, and angular pieces of Nb 2 O 5 particles of 0.5-3 mm were obtained. After reduction, the particles agglomerated in a round shape as shown in Fig. 7(c) . The niobium powder obtained after rinsing and drying is shown in Fig. 7(d) . The morphology of the niobium powder obtained after reduction using flux is very different from that without flux (see Fig. 6(d) ). It is interesting to note that uniform niobium particles approximately 1 mm in size were obtained when the cationic molar ratio X Cat./Nb was 1/5. On the other hand, an inhomogeneous powder with small particles of 0.1-0.3 mm diameter and large particles of 1-3 mm diameter were obtained when the cationic molar ratio X Cat./Nb was increased to 1. These results indicate that the morphology of the niobium powder can be controlled by changing the cationic molar ratio, although the reason for this morphology change is not understood at this stage.
As shown in Fig. 8 , the particle size of the obtained niobium powder decreased as the reaction temperature decreased (Exp. #D, H, I). Analytical results of the niobium powder obtained are listed in Table 4 . The purity of the sample was slightly low when the reaction temperature was Table 4 . Analytical results of the niobium powder obtained using means of the preform reduction process (PRP). 12) ). The mechanism of the reduction process and the influence on the morphology of the deposit are currently under investigation, but there is no strong clue to help revealing determining parameters for this reduction process at this stage.
When the reduction time was extended from six hours to twelve or twenty-four hours, the particle size of the obtained powder increased slightly as shown in Fig. 9 . This result shows that particle size can also be controlled by reduction time. However, the niobium powder obtained was often contaminated with nickel when exposing the preform for a long time in a reaction vessel with magnesium vapor saturation because the nickel in stainless steel dissolves in magnesium liquid and transfers to metallic niobium. This nickel contamination through liquid magnesium can be avoided by preventing the deposition of magnesium liquid on the preform and the other reaction component. 17) Detailed mechanism of the nickel contamination is currently under investigation. Figure 10 shows SEM images of the niobium powder obtained by changing the cationic ratio. When the amount of flux was increased from X Cat./Nb ϭ1/5 to 2, the particle size decreased and an inhomogeneous fine powder was obtained. It is quite interesting that fine homogeneous powder with 1 mm diameter can be obtained when the preform was reduced at 1 273 K with a cationic molar ratio, X Cat./Nb ϭ1/5 to 1/2. When X Cat./Nb was greater than 2, the size of most niobium particles was in sub-microns. The authors could not give a clear explanation for these results, but the reproducibility of the experiments was confirmed by multiple experimental runs.
Conclusion
A new reduction process for producing fine metal powder by the metallothermic reduction of preform containing feed material was developed. A slurry was prepared by mixing Nb 2 O 5 powder, flux (CaCO 3 ) and binder (collodion solution), and it was cast into a mold, and then dried to obtain the preform in the form of plates. Before the reduction process, the fabricated preform was heated at 1 273 K in air in order to remove the binder, carbonate and water. The sintered solid preform containing niobium feed oxide was then placed in a stainless steel container, and made to react with magnesium vapor at temperatures ranging from 1 073 to 1 273 K for six hours. The niobium powder was recovered from the reduced preform by leaching in acid, and pure niobium in powder form was obtained. This process was found to be suitable for producing fine and homogenous powder when the composition of flux was controlled. Another advantage of this process is purity control. Contamination from the reaction container or reductant can be easily avoided because the feed material in the selfsupporting preform does not have any physical contact with the reaction container and reductant. Furthermore, the developed process is highly scalable as demonstrated by its ability to simultaneously treat multiple pieces of preform in a single reduction chamber.
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